ABSTRACT
INTRODUCTION
The interest in the electrodeposition of Zn-Mn alloy coatings, mainly originates from the fact that these alloys may offer the best corrosion resistance among all Zn based coatings, so that they may be applied in anticorrosion protection of steel substrate [1, 2] . It is known that the corrosion behavior of electroplated Zn-Mn alloys is strongly affected by two independent factors, i.e. chemical (phase) composition and surface morphology [3] . Namely, the optimal corrosion resistance is achieved when the Mn content in the alloy reaches a certain minimum level, on the one side, and on the other side, when the electrodeposited coating is pore and defect free [4] .
The Zn-Mn coatings have been traditionally electrodeposited from aqueous electrolytes of various types [1, 2, 3, 4] ; however these baths suffer from the parasitic hydrogen evolution reaction, low current efficiency, and poor morphology of high-Mn alloy deposits. Recently it has been proven that the successful Zn-Mn deposits may be obtained from deep eutectic solvents (DES) based on choline chloride and urea, at Pt, Cu, or steel substrates [5, 6, 7] . Deep eutectic solvents are electrolytes consisting entirely of ions; they possess lower conductivity and higher viscosity, but usually wider electrochemical window as compared to aqueous solutions, so they are suitable electrolytes for electroreduction of electronegative elements like Mn [8] .
In our previous work it was shown that the alloys with as high as 25 wt.% Mn, and compact surface morphology, may be deposited from choline chloride-urea DES, and such coatings could be excellent candidates for an increased corrosion resistance in aggressive media [6] . Therefore, this work presents the analysis of the corrosion resistance of various Zn-Mn samples obtained from choline chloride-urea DES, on steel. There is only one report on the corrosion behavior of the Zn-Mn obtained from DES and the coatings were deposited on copper substrate [5] , so we believe that this is the first work on analysis of ZnMn coatings on steel obtained from DES. ) and a high purity zinc counter electrode. The coatings were deposited galvanostatically, using potentiostat PAR M273A, at 3, 8, 12 or 20 mA cm ˗2 from each of the two electrolytes (DES 1:1 and DES 3:1). The electrodeposition time was adjusted to obtain deposits of the same thickness by maintaining the same electrodeposition charge density in each experiment. The steel electrode was mechanically prepared using abrasive emery papers down to 2000 grit, degreased in a saturated solution of NaOH in ethanol, pickled with 2 mol dm −3 HCl for 30 s, and finally rinsed with distilled water, acetone and dried in air by a fan. After electrodeposition, the samples were cleaned with acetone and dried in air by a fan.
In order to study the coating morphology by atomic force microscopy (AFM), NanoScope 3D (Veeco, USA) microscope was used, which operated in tapping mode under ambient conditions. Etched silicon probes with spring constant 20 -80 Nm −1 were used. AFM images were recorded over different scan areas. The agglomerate size dimension of electrodeposited coatings was determined from AFM image profile line analysis. In order to calculate the agglomerate size distribution, hundred agglomerates were measured on each AFM image. In addition, the surface morphology and composition of the samples were analyzed by a JEOL JSM 5800 scanning electron microscope (SEM), operated at 20 keV, equipped with an Oxford Instruments energy dispersive X-ray spectrometer (EDS).
Corrosion measurements were performed in an aerated 3 wt.% NaCl solution. A classic threeelectrode cell with a platinum plate as counter electrode, a Zn-Mn coating (1 cm 2 ) as a working electrode and a saturated calomel electrode as reference, was used. The corrosion rates of the deposited Zn-Mn alloys were determined using extrapolation of anodic polarization curves to the open circuit potential (OCP). Potential sweep rate of 0.2 mV s ˗1 was applied starting from ˗250 mV vs.
OCP and ending at +250 mV vs. OCP, after the constant OCP was established (60 min). In addition, electrochemical impedance spectroscopy (EIS) measurements were obtained at the OCP in a frequency range of 100 kHz ˗ 0.01 Hz, with an applied AC signal amplitude perturbation of 10 mV, and the corresponding Nyquist plots were analyzed.
RESULTS AND DISCUSSION

Surface morphology
It was shown previously [9, 10] that the highest corrosion resistance of Zn-Mn alloy is achieved when the Mn content is in the range 20 ˗ 40 wt.%, and when the film is compact and smooth. Therefore, the first part of the analysis was related to finding the relation between the deposition current density and the surface morphology of the Zn-Mn coatings. The Mn content in the electrodeposited samples, as determined by EDS method, is shown in Table 1 . The crystallites formed at 3 mA cm ˗2 (Fig. 1) group in agglomerates ranging 800 ˗ 1000 nm that are uniformly distributed over the deposit. Quite similar morphology is shown for alloy coating deposited at 8 mA cm ˗2 (Fig. 2) , with agglomerates averaging about 700 nm.
The increase in c.d. results in the coarsening of the deposit and increasing the size of agglomerates, as shown in Figs. 3 and 4 for deposits obtained at 12 and 20 mA cm
˗2
. As section analysis clearly presents, the agglomerates of up to 2.5 μm are formed at higher deposition current densities.
The figures 1 ˗ 4 evidence the trend very similar to the one observed in aqueous solutions [2, 3] . Namely, bigger agglomerates are formed at higher deposition current density. From the AFM images the agglomerate size distribution was determined and it is shown in Fig.  6 . The majority of the agglomerations in the coating deposited at 3 mA cm ˗2 (Fig. 6a ) are of about 800
nm. The morphology of the coating deposited at high current density of 20 mA cm ˗2 (Fig. 6b ) is made up of considerably larger agglomerates, averaging 1.5 μm. Deposition from the solution with higher Mn content (DES 3:1) at 3 mA cm ˗2 resulted in fine agglomerates, dominated by the ones of up to 80 nm (Fig. 6c) .
The comparison of the surface morphologies obtained at high c.d. (20 mA cm
˗2
) from the two different electrolytes, shows a remarkable difference in the agglomeration size. The DES with lower Mn 2+ ion content, produces the surface with larger agglomerates, and vice versa. It may be assumed that this is the consequence of the influence of Mn 2+ ion concentration, on the nucleation process during the coating growth. Namely, it was shown in [6] that the higher Mn 2+ ion concentration in reline, results in higher overpotential for all cathodic processes. Furthermore, it is known [11] that higher overpotential during metal electroreduction, enables easier formation of new crystal nuclei, rather than their agglomeration, which eventually leads to a smoother surface with small crystalline grains. We assume that this is the case in DES 3:1, i.e. the high cathodic overpotential due to the high concentration of Mn 2+ ions, results in small agglomerates and higher Mn content. Besides the similarities between the electrodeposition process in aqueous and in DES, the main benefit of using DES is the fact that at much lower deposition current density (in the range when the compact deposit is formed), the high Mn content in the alloy is achieved. Namely, due to the intensive hydrogen evolution in aqueous electrolytes, electrodeposited Zn-Mn coatings could hardly incorporate larger amounts of Mn. Deposition from DES enables formation of Mn rich alloys at considerably lower c.d.
Corrosion resistance
To evaluate the corrosion resistance of the ZnMn alloys, coatings were deposited at different current densities, from the two electrolyte types (DES 1:1 and DES 3:1), on steel substrate. The corrosion resistance was evaluated by polarization measurements in 3 wt.% NaCl solution. Figure 7 presents the potentiodynamic polarization curves obtained for several representative samples, while Table 1 shows the results obtained from the Tafel evaluation of the corrosion parameters of the coatings. Tafel polarization curves for Zn-Mn alloy deposits show some differences, not only depending on the deposition c.d. but also on the type of DES. Polarization curves for alloy coatings deposited from DES with 1:1 ratio, at low current density, show behavior typical of Zn coatings in NaCl solution. The anodic curve corresponds to the dissolution of alloy coating (active zone). The values of corrosion c.d. (j corr ) are not so much influenced by the type of DES, but more by deposition current density. In the case of Zn-Mn with greater amount of Mn, deposited from the 3:1 DES, values are of the similar magnitude like alloy coatings with small Mn content, as well as bare Zn deposits. However, a pseudo passivation effect induced by the high Mn content could also be observed, reducing the oxidation rate.
Besides the fact that Zn-Mn is thermodynamically less noble than Zn, it is reported that Zn-Mn shows a passivating behavior in various corrosive environments due to the formation of insoluble Mncompounds on the corroding surface which affects the catalytic activity for cathodic oxygen reduction. Generally, passivation is associated with the formation of a barrier layer. This barrier layer slows down the diffusion of corrosive species and thus, reduces the corrosion reaction. In addition, the barrier layer forms when the dissolution of a metal produces the condition in which the solubility of the salt, hydroxide or oxide, in the electrolyte near the electrode surface is exceeded and a solid film forms. It can be concluded from the Tafel plots that the highest corrosion resistance, followed by pseudo passive behavior, is achieved for the high Mn content (33 wt. %, Fig. 7 ) and the compact surface morphology consisting of small aggregates (Fig. 5) for alloy coatings deposited from 3:1 DES.
The EIS studies were carried out on representative Zn-Mn coatings after 5 h of continuous immersion into the 3 wt.% NaCl solution, and Fig. 8 shows the EIS spectra (Nyquist plots) of the several samples, recorded at the open circuit potential. All diagrams show a semi-circle arc in the high-frequency range, followed by the second, not completed, semi-circle arc. The diameter of the two semicircles is associated with the corrosion product (passive) film resistance, and the charge transfer resistance of the corrosion reaction under the passive film, which may be correlated to the corrosion rate [12] .
The electrical resistance of the corrosion product films and the corrosion resistance of the Zn-Mn coatings is related to the respective highand low-frequency impedance diameters, where a semicircle with larger diameter indicates higher corrosion resistance. As seen in Fig. 8 , the semicircle diameters depend both on deposition c.d. and the DES type. In the ionic liquid with lower Mn 2+ concentration (DES 1:1, Fig. 8a ), the highest corrosion resistance is observed for the lowest deposition c.d. investigated (3 mA cm
˗2
). On the contrary, in DES 3:1 (Fig. 8b) , the best corrosion performance is achieved for the Zn-Mn alloy deposited at 8 mA cm
. When the AFM images (Figs. 1 ˗ 5 ) and the chemical composition of the alloys (Table 1 ) are compared, it may be concluded that the high Mn content is beneficial for the high corrosion resistance, as well as smooth and compact morphology. To support this conclusion, the impedance spectroscopy was compared for the Zn-Mn coating obtained from typical, chloride salt containing aqueous electrolyte [4, 9] , to the one with high Mn content, deposited from DES 3:1 (Fig.  8c) . It is clear that the sample with high Mn, obtained from DES, provides much better corrosion performance. showed the best corrosion resistance and this was attributed to a sufficiently high Mn content on one side, and a smooth and compact morphology on the other side. The EDS analysis shows that starting from the deposition c.d. of 3 mA cm
, the Mn content in the alloy reaches 25 wt.%, and does not change significantly with the increase in deposition c.d.
